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DISCLAIMER

This document has been prepared by staff from the Ambient Standards Group,
Office of Air Quality Planning and Standards, U.S. Environmental Protection Agency, in
conjunction with ICF Consulting (through Contract No. 68-D-01-052) and Alion Science and
Technology, Inc. (through Contract No. 68-D-00-206). Any opinions, findings, conclusions, or
recommendations are those of the authors and do not necessarily reflect the views of the EPA,
ICF Consulting, or Alion Science and Technology, Inc. A previous draft of this document was
circulated to obtain review and comment from the Clean Air Scientific Advisory Committee
(CASAC) and the general public. Any questions concerning this document should be addressed to John
E. Langstaff, U.S. Environmental Protection Agency, Office of Air Quality Planning and Standards,
C504-06, Research Triangle Park, North Carolina 27711 (email: langstaff.john@epa.gov).

Subsequent to completion of the analyses described in this document, EPA analysis of uncertainty
of the exposure modeling results uncovered an error in how children are characterized as active. This error
resulted in an overestimate of the number of active children included in the exposure estimates for
active children. Thus, the reader should not rely on the exposure estimates for active children provided
in this document.



Acknowledgements

In addition to EPA staff, the following people contributed to writing this document.

ICF Consulting, San Francisco, CA and RTP, NC
Arlene Rosenbaum
Jonathan Cohen
Dan Bowman

Alion Science and Technology Inc, RTP, NC
Kristin Isaacs
Graham Glen
Luther Smith



This page intentionally left blank.

vi



Table of Contents

INTRODUGCTION.....i ittt sttt ettt e be st e b e e be st e beebeaneesreeneas 1
1.1 Selection Of UrDan AT@aS ........ccueeeiieiiierieeiieeie ettt seaesseesaae e 1
1.2 EXPOSUIE PEIIOAS ...eviieiiiieiie ettt et et e e et e e e e s 2
1.3 Populations ANALYZed ..........ccveeiiiiiiiiiieieee e 2
DESCRIPTION OF THE APEX MODEL .......ccoiiiiiiiie et 3
2.1 HiStOry Of APEX ...ttt ettt ettt neas 3
2.2 Theoretical Basis and Limitations of APEX ..., 4
2.3 OVErVIEW Of MO ....c.viiiiiiiiiieiiceee e e 5
2.3.1 Characterize the Study Ar€a........cccovveeiiieeiiieeieecee e 10
232 Generate Simulated Individuals...........ccoooiiiiiienieniiiiiecee e 10
233 Construction of AcCtiVity SEQUENCES........ceevvuvierieeeriieeieeeeeeeire e 12
2.4  Algorithms for Calculating Microenvironmental Concentrations ..............c.cceeueenee. 13
24.1 Mass Balance Model ..o, 13
242 Factors Model .......cc.ooiiiiiiiiiiiieeeeeee s 16
243 Commuting Outside of the Study Area........ccccccvvvvviieeecieeeieeeieeee, 17
2.5  Algorithms for Calculating DOSE .........cceeriieiiieiiieiieeieeee e 18
2.5.1 Ventilation.......cocueiiiiiiiiii e 18
2.5.2 Excess Post-Exercise Oxygen Consumption ...........cceeeeeerueeecveeneeennean. 20
253 Body Surface Area........cocvveeiiiiiiiieceee e 20
2.6 EXposure CalCulations ..........ccceeeiiierieeiiieiieeieenie ettt et siee et sieeeteesieeenbeeseneeneeas 20
2.7 1\ (QT6 (53 W O 1 1303 L USRS 21
PREPARATION OF MODEL INPUTS ..o 22
3.1 A (a7 (53 W 0 o151 ) s USRS 22
3.2 AIT QUALTEY ettt et 22
33 Air Quality Projections for Alternative Standards Scenarios ..........cccccceeeeveeennveennee. 23
34 MeteorologiCal Data.........cccuieiiiiiiiiieeieeiie ettt 24
3.5 Population DemographicCs........cc.eeeciiiiiiiiiiiiieciie et 25
3.6  Asthma Prevalence Rates.........cocieiuiiiiiiiiiiiiieiecieeeee e 26
3.7 Commuting Database.........c..cevcuiieiiiiieiiieecie ettt eeeeeeree e e e aaeessreeeeeeeenes 26
3.8 Activity Patterns — CHAD .......coooiiiiiiiiiieiece ettt ettt ens 27
3.9 Physiological DiStribDULIONS ..........eeeviiieiieeiiie ettt 31
3.10 Microenvironment SPECIfICAtIONS .......c.eeevieruieeiiieriieeiierieeieeste et e see et e sreeeeesaae e 32
3.10.1 Microenvironments Modeled.............coooieiiiiiiiiiiiiie 33
3.10.2 Microenvironment DeSCIIPLiONS ..........cceereeeeiierieeriienieeiieeieeniee e 34
3.10.3 Ozone Decay and Deposition Rates..........cccvvevieeeniieeniieecieeeieeeen, 37
3.104 Microenvironment MapPIng ........c.ceceeeeveereeerieeneeenieeneeeseesveenseesneens 38
.11 Profile FUNCHONS ....ooiiiiiieiie ettt 40
PRINCIPAL LIMITATIONS AND UNCERTAINTIES OF THE MODELING
APPROACH ... oot sttt b et b et e et e nreas 42
4.1 MEthOOLOZY ...ttt ettt ettt e e aaeesbeessaeenseesanaens 42
4.2 INPUE DAta......eeiiiiieee e e e e e e e nnaaeeeeaes 42



4.2.1 Meteorological Data..........ccceevvuierieeiiiinieeiieieeieeee e
4.2.2 Alr Quality Data........ccceeeiiieiiiecieeeee e
423 Population and Commuting Data...........cccceerieeiiienieeiienieeieee
4.2.4 Physiological Data ..........cccceeeiieeiiieeieecie e
4.2.5 Activity Pattern Data..........cccoeoiiviiiiieiiieieecce e
4.2.6 Air Exchange Rates.........ccccoeoiieiiiiiiiiecieeeeeeeeee e
4.2.7 Air Conditioning Prevalence............cccceeeuievieriiienieniieieeieeiie e
4.2.8 Evaporative COOleTs ......cccuvieiiiieiiieeciie et

5. RESULTS OF EXPOSURE MODELING .....oooviiiiiieeeeeeeeeeee e
5.1 BaSE CaSE ..o,
5.2 ATLAININENT SCETIATIOS ¢ e e e e e e e e e e e e e e e e e e e eeeeeeaeaeaeaeaeaeaaaaaeaaaeaeaeaaaaaaaaaanas

6.  SENSITIVITY STUDIES ...ttt ettt
6.1 Activity Pattern Database ..........ccceecuieiiiiiiieiieeieeiecee e

6.2 Oz0Ne DEcay Rate.....ccovviiiiiiiiie ettt e e

6.3 ProXimity FaCTOT .....cc.oeiuiiiiieiiecie et st

6.4  Air EXchange Rates.........coooiiiiiiiiiiiieie et

6.5  Long-term Activity Patterns ........cccceeiiiieiiiiiienie ettt

6.6  Near roadway 10CatIONS. ......uiieriiieiiieeite ettt e e e e eaeeesneees
6.6.1 Proximity Probabilities ...........cccecvveriiieniiniieieeieeicece e

6.6.2 RESULILS ...

7. MODEL EVALUATION ..o s

8. REFERENCES..... ..o s

APPENDIX A. ANALYSIS OF AIR EXCHANGE RATE DATA
APPENDIX B. THEORETICAL DEVELOPMENT OF A UNIFIED ALGORITHM
APPENDIX C. ANEW METHOD OF LONGITUDINAL DIARY ASSEMBLY

APPENDIX D. UNCERTAINTY ANALYSIS OF RESIDENTIAL AIR EXCHANGE
RATE DISTRIBUTIONS

APPENDIX E. DISTRIBUTIONS OF AIR EXCHANGE RATE AVERAGES OVER
MULTIPLE DAYS

APPENDIX F. PREVALENCE OF RESIDENTIAL AIR CONDITIONERS AND THE
EFFECTS OF SWAMP COOLERS

APPENDIX G. ANALYSIS OF NHIS ASTHMA PREVALENCE DATA

APPENDIX H. ALTERNATIVE LONGITUDINAL ACTIVITY PATTERN
ALGORITHM

APPENDIX 1. ESTIMATING NEAR ROADWAY POPULATIONS

1



List of Tables

Table 1-1. Urban areas and time periods modeled ...........ccccoeviiiiiiiieniiieniecieeee e
Table 2-1. Profile Variables in APEX .......ooooiiiiiiiie et
Table 2-2. Mass Balance Model Parameters.............cccueerieiiieniieeiiienieeieeie e
Table 2-3. Factors Model Parameters .........cccuveeriieeiiiieeiieeeie e esee et evee e e e
Table 2-4. Ventilation Regression Parameters............c.oecvieriieiiieiieeiiienieeiieeie e
Table 2-5. APEX OUtPUL FIIES......uiiiiiiieiiieeieeeeee ettt e s
Table 3-1 The Numbers of Ozone Monitors in the Study Areas........c.ccoeeeevieeriienieeniiennnene.

Table 3-2. List of the Current and Alternative 8-hour Ozone Standard Scenarios used in

the EXPOSUIE ANALYSIS....eciiiiiieiiieiieiie ettt ettt ettt et eeteesaaeenbeessaeenseesneeenne
Table 3-3 The Meteorological Stations for Each Study Area.........ccccoeeveevciiieecieeeieeeeeee
Table 3-3. Summary of Studies Used in CHAD ..........coooiiiiiiiiiiicee e
Table 3-4. Microenvironment Parameter Information...............ccooeiniiiiiniiiiiinicieiceee
Table 3-5. List of Microenvironments and Calculation Methods Used.............ccccevveeirennnnne.
Table 4-1. Assignment of residential air exchange rate distributions to modeled CMSAs......

Table 6-1. Sensitivity to activity database with base case air quality: 2002 counts of the
general population with any or three or more 8-hour ozone exposures above 0.07

ppm concomitant with moderate or greater Xertion. ...........cecevverueerierienerrienieneeeeneenne

Table 6-2. Sensitivity to activity database with base case air quality: 2002 counts of
children (ages 5-18) with any or three or more 8-hour ozone exposures above 0.07

ppm concomitant with moderate or greater €Xertion. ........ceeecveeeecueeeeiieeerieeerieeereeeeeeeens

Table 6-3. Sensitivity to activity database with air quality meeting the current standard:
2002 counts of the general population with any or three or more 8-hour ozone

exposures above 0.07 ppm concomitant with moderate or greater exertion......................

Table 6-4. Sensitivity to activity database with air quality meeting the current standard:
2002 counts of children (ages 5-18) with any or three or more 8-hour ozone

exposures above 0.07 ppm concomitant with moderate or greater exertion......................

Table 6-5. Sensitivity to activity database: 2002 simulated counts of Los Angeles CMSA
general population and children (ages 5-18) with any or three or more 8-hour ozone

exposures above 0.07 ppm concomitant with moderate or greater exertion......................

Table 6-6. Sensitivity to activity database: 2002 simulated counts of Sacramento CMSA
general population and children (ages 5-18) with any or three or more 8-hour ozone

exposures above 0.07 ppm concomitant with moderate or greater exertion......................

Table 6-7. Sensitivity to ozone decay rate: 2002 counts of general population with any or
three or more 8-hour ozone exposures above 0.07 ppm concomitant with moderate

OF GTCALET EXEITION. .veeuviieutieeiieeiieeiteetteeeteeteeeteeteeasseenstesaseeseeenseenseesnseeseeanseenssesnseenssesnses

Table 6-8. Sensitivity to ozone decay rate: 2002 counts of children (ages 5-18) with any
or three or more 8-hour ozone exposures above 0.07 ppm concomitant with

MOAETate OF ZIrEALET EXETLION. ...vvreeiireeiieeeitreeeiteeeetreesseeesseeessseesssseeessseesssseeessseessseeessseeenns

Table 6-9. Sensitivity to proximity factor: 2002 counts of general population with any or
three or more 8-hour ozone exposures above 0.07 ppm concomitant with moderate

OF @TCALET EXEITION ...eeutiieutieieeetie ettt et teeete et e eateebeeeab e e teesabe e beeeabeesseesabeesseeenseasseeenseesneeennas

i1

... 63

... 64

.. 67

.. 67



Table 6-10. Sensitivity to proximity factor: 2002 counts of children (ages 5-18) with any
or three or more 8-hour ozone exposures above 0.07 ppm concomitant with

MOAETrate OF ZIEAtET EXETLION ...ccuvieiieeiieriieeiieetieeteeetteeteestteeseeseaeeseesaseenseeesseeseesnseenseennns

Table 6-11. Sensitivity to air exchange rate: 2002 counts of general population with any
or three or more 8-hour ozone exposures above 0.07 ppm concomitant with

MOAETate OF ZIrEAtET EXETTION ....uvieeiireeiieeeireeeteeeetreesseeesseeessseeessseeessseeesseesssseessseeessseeenns

Table 6-12. Sensitivity to air exchange rate: 2002 counts of children (ages 5-18) with any
or three or more 8-hour ozone exposures above 0.07 ppm concomitant with

MOAErate OF GIEAtET EXETLION ...ccuvieiuieeiieriieeiieeiieeteeetteeteeetteeteeseaeeseesnbeenseessseeseesnseenseennns

Table 6-13. Sensitivity to air exchange rate: 2002 simulated counts of New York CMSA
general population and children (ages 5-18) with any or three or more 8-hour ozone

exposures above 0.07 ppm concomitant with moderate or greater exertion......................

Table 6-14. Sensitivity to longitudinal activity pattern algorithm: 2002 counts of Boston
population groups with any or three or more 8-hour ozone exposures above 0.07

ppm concomitant with moderate or greater Xertion. ...........cccevveruierierienerrieneeneeeeneenne

Table 6-15. Sensitivity to longitudinal diary algorithm: 2002 simulated counts of Atlanta
general population and children (ages 5-18) with any or three or more 8-hour ozone

exposures above 0.07 ppm concomitant with moderate or greater exertion......................

Table 6-16. Sensitivity to longitudinal diary algorithm: 2002 days per person with 8-hour
ozone exposures above 0.07 ppm concomitant with moderate or greater exertion for

Atlanta general population and children (ages 5-18)......cccoviriiniiniiniiniiiceeeeeeens

Table 6-17. Sensitivity to near roadway proximity for indoor sources: 2002 counts of
children (ages 5-18) with any or three or more 8-hour ozone exposures above 0.07

ppm concomitant with moderate or greater €Xertion. ........ceeecveeercueeeriieeerieeerieeeseeeeeaeens

v

.. 70

12

.13



1. INTRODUCTION

The Clean Air Act, which was last amended in 1990, requires EPA to set National
Ambient Air Quality Standards (NAAQS) for widespread pollutants from numerous and diverse
sources considered harmful to public health and the environment. EPA has set NAAQS for the
following pollutants, which are called “criteria” pollutants: ozone, particulate matter, carbon
monoxide, sulfur dioxide, nitrogen oxides, and lead. The Clean Air Act requires periodic review
of the science upon which the standards are based and the standards themselves to (1) ensure that
they provide adequate health and environmental protection and (2) update those standards as
necessary.

Under the NAAQS review process, EPA's Office of Research and Development (ORD)
develops an “air quality criteria document” — a compilation and evaluation by EPA scientific
staff and other expert authors of the latest scientific knowledge useful in assessing the health and
welfare effects of the air pollutant. In August 2005, the second external review draft of the Air
Quality Criteria for Ozone and Related Photochemical Oxidants was released for public
comment and review by EPA's Clean Air Scientific Advisory Committee (CASAC), and a final
document was released in 2006 (Ozone Criteria Document, US EPA, 2006a). The Ozone
Criteria Document presents the latest available pertinent information on atmospheric science, air
quality, exposure, dosimetry, health effects, and environmental effects of ozone and other related
photochemical oxidants.

This report documents the methodology and input data used in the inhalation exposure
assessment for ozone conducted in support of the current review of the ozone NAAQS.
Specifically, this report includes the following:

« Summary of the overall inhalation exposure assessment methodology;
« Description of the inhalation exposure model used in this assessment;
« Description of the input data used for the 12 selected urban areas;

« Assessment of the quality and limitations of the input data for supporting the goals of
the ozone NAAQS exposure analysis; and

« Sensitivity analyses.

The results of the exposure modeling are presented and discussed in the Ozone Staff
Paper (US EPA, 2007); only selected results are presented in this report.

1.1 Selection of Urban Areas

The selection of urban areas to include in the exposure analysis takes into consideration
the location of ozone field and epidemiology studies, the availability of ambient monitoring data
for ozone, and the desire to represent a range of geographic areas, population demographics, and
ozone climatology. These selection criteria are discussed further in the Ozone Staff Paper.



Based on these criteria, EPA selected the 12 urban areas in Table 1 for inclusion in the exposure
analysis:

1.2 Exposure Periods

The exposure periods modeled were the ozone monitoring seasons for three years, 2002,
2003, and 2004. The seasons modeled for each area are listed in Table 1-1.

Table 2-1. Urban areas and time periods modeled

Urban Area (CSA) Period modeled
Atlanta-Sandy Springs-Gainesville, GA-AL March 1 to Oct. 31
Boston-Worcester-Manchester, MA-NH April 1 to Sept. 30
Chicago-Naperville-Michigan City, IL-IN-WI April 1 to Sept. 30
Cleveland-Akron-Elyria, OH April 1 to Oct. 31
Detroit-Warren-Flint, MI April 1 to Sept. 30
Houston-Baytown-Huntsville, TX Jan. 1 to Dec. 30
Los Angeles-Long Beach-Riverside, CA Jan. 1 to Dec. 30
New York-Newark-Bridgeport, NY-NJ-CT-PA April 1 to Sept. 30
Philadelphia-Camden-Vineland, PA-NJ-DE-MD April 1 to Oct. 31
Sacramento--Arden-Arcade--Truckee, CA-NV Jan. 1 to Dec. 30
St. Louis-St. Charles-Farmington, MO-IL April 1 to Oct. 31

Washington-Baltimore-N. Virginia, DC-MD-VA-WV  April 1 to Oct. 31

1.3 Populations Analyzed

Exposure modeling was conducted for the general population residing in each area
modeled, as well as for school-age children (ages 5 to 18) and asthmatic school-age children.
Due to the increased amount of time spent outdoors engaged in relatively high levels of physical
activity, school-age children as a group are particularly at risk for experiencing ozone-related
health effects.



2. DESCRIPTION OF THE APEX MODEL

The Air Pollutants Exposure model (APEX) is a personal computer (PC)-based program
designed to estimate human exposure to criteria and air toxic pollutants at the local, urban, and
consolidated metropolitan levels. APEX, also known as TRIM.Expo, is the human inhalation
exposure module of EPA’s Total Risk Integrated Methodology (TRIM) model framework (EPA,
1999), a modeling system with multimedia capabilities for assessing human health and
ecological risks from hazardous and criteria air pollutants. It is being developed to support
evaluations with a scientifically sound, flexible, and user-friendly methodology. Additional
information on the TRIM modeling system, as well as downloads of the APEX Model, user’s
guide, and other supporting documentation, can be found on EPA’s Technology Transfer
Network (TTN) at http://www.epa.gov/ttn/fera.

2.1  History of APEX

APEX was derived from the National Ambient Air Quality Standards (NAAQS)
Exposure Model (NEM) series of models. The NEM series was developed to estimate exposure
to the criteria pollutants (e.g., CO, ozone). In 1979, EPA began to develop NEM by assembling
a database of human activity patterns that could be used to estimate exposures to indoor and
outdoor pollutants (Roddin et al., 1979). The data were then combined with measured outdoor
concentrations in NEM to estimate exposures to CO (Biller et al., 1981; Johnson and Paul,
1983). In 1988, OAQPS began to incorporate probabilistic elements into the NEM methodology
and use activity pattern data based on various human activity diary studies to create an early
version of probabilistic NEM for ozone (i.e., pPNEM/O3). In 1991, a probabilistic version of
NEM was developed for CO (pNEM/CO) that included a one-compartment mass-balance model
to estimate CO concentrations in indoor microenvironments. The application of this model to
Denver, Colorado has been documented in Johnson et al. (1992). Several newer versions of
pNEM/O3 were developed in the early- to mid-1990’s, including versions developed for
applications to nine urban areas for the general population, outdoor children, and outdoor
workers (Johnson et al., 1996a,b,c). Between 1999 and 2001, updated versions of pNEM/CO
(versions 2.0 and 2.1) were developed that rely on activity diary data from EPA’s Consolidated
Human Activities Database (CHAD) and enhanced algorithms for simulating gas stove usage,
estimating alveolar ventilation rate (a measure of human respiration), and modeling home-to-
work commuting patterns.

The first version of APEX was essentially identical to pPNEM/CO (version 2.0) except
that it ran on a PC instead of a mainframe. The next version, APEX2, was substantially
different, particularly in the use of a personal profile approach rather than a cohort simulation
approach. APEX3 introduced a number of new features including automatic site selection from
national databases, a series of new output tables providing summary exposure and dose statistics,
and a thoroughly reorganized method of describing microenvironments and their parameters.
Most of the spatial and temporal constraints of pNEM and APEX1 were removed or relaxed by
version 3.



The version of APEX used in this modeling analysis is APEX4, described in the APEX

User’s Guide and the APEX Technical Support Document (EPA, 2006c,d), henceforth referred
to as the APEX User’s Guide and TSD.

2.2

Theoretical Basis and Limitations of APEX

APEX estimates human exposure to criteria and toxic air pollutants at the local, urban, or

consolidated metropolitan area levels using a stochastic,

“microenvironmental” approach. The model randomly A microenvironment is a three-
selects data for a sample of hypothetical individuals from = dimensional space in which human
an actual population database and simulates each contact with an environmental
hypothetical individual’s movements through time and pollutant takes place and which can
space (e.g., at home, in vehicles) to estimate their be treated as a well-characterized,
exposure to the subject pollutant. APEX models relatively homogeneous location with
commuting and thus exposures at both home and work respect to pollutant concentrations for
locations for individuals who work in different areas than  a specified time period.

they live.

APEX can be conceptualized as a simulated field study that would involve selecting an

actual sample of specific individuals who live in (or work and live in) a geographic area and then
continuously monitoring their activities and subsequent inhalation exposure to a specific air
pollutant during a specific period of time.

The main differences between APEX and an actual field study are that in APEX:

The sample of individuals is a “virtual” sample, created by the model according to
various demographic variables and census data of relative frequencies, in order to obtain
a representative sample (to the extent possible) of the actual people in the study area;

The activity patterns of the sampled individuals (e.g., the specification of indoor and
other microenvironments visited and the time spent in each) are assumed by the model to
be comparable to individuals with similar demographic characteristics, according to
activity data such as diaries compiled in EPA’s CHAD (EPA, 2002; McCurdy et al.,
2000);

The pollutant exposure concentrations are estimated by the model using a set of user-
input ambient outdoor concentrations and information on the behavior of the pollutant in
various microenvironments;

Various reductions in ambient air quality levels can be simulated by either adjusting air
quality concentrations to attain alternative ambient standards under consideration or by
reducing source emissions and obtaining resulting air quality modeling outputs that
reflect these potential emission reductions, and

The model attempts to account for the most significant factors contributing to inhalation
exposure — the temporal and spatial distribution of people and pollutant concentrations



throughout the study area and among the microenvironments — while also allowing the
flexibility to adjust some of these factors for regulatory assessment and other reasons.

All models have limitations that require the use of assumptions. Limitations of APEX lie
primarily in the uncertainties associated with data distributions input to the model (e.g., human
activity patterns). Primary uncertainties and assumptions associated with these distributions
include the following:

« The population activity pattern data supplied with APEX (i.e., CHAD activity data) are
compiled from a number of studies in different areas, and for different seasons and years.
Therefore, the combined data set may not constitute a representative sample for a
particular study scenario. Nevertheless, a large portion of CHAD is from a study of
national scope (which could be extracted by the user if desired to create a representative
sample).

« Commuting pattern data were derived from the 2000 U.S. Census. The commuting data
address only home-to-work travel. The population not employed outside the home is
assumed to always remain in the residential census tract. Furthermore, although several
of the APEX microenvironments account for time spent in travel, the travel is assumed to
always occur in basically a composite of the home and work tract. No other provision is
made for the possibility of passing through other tracts during travel.

« APEX creates seasonal or annual sequences of daily activities for a simulated individual
by sampling human activity data from more than one subject. Each simulated person
essentially becomes a composite of several actual people in the underlying activity data.

« The model currently does not capture certain correlations among human activities that
can impact microenvironmental concentrations (for example, cigarette smoking leading
to an individual opening a window, which in turn affects the amount of outdoor air
penetrating the residence).

« Certain aspects of the personal profiles are held constant, though in reality they change as
individuals age. This is generally only an issue for simulations with long timeframes.

These and other uncertainties are discussed in section 4.
2.3 Overview of Model

APEX is designed to simulate population exposure to criteria and air toxic pollutants at
local, urban, and regional scales. The user specifies the geographic area to be modeled and the
number of individuals to be simulated to represent this population. APEX then generates a
personal profile for each simulated person that specifies various parameter values required by the
model. The model next uses diary-derived time/activity data matched to each personal profile to
generate an exposure event sequence (also referred to as “activity pattern” or “composite diary’)
for the modeled individual that spans a specified time period, such as one year. Each event in the
sequence specifies a start time, exposure duration, geographic location, microenvironment, and
activity. Probabilistic algorithms are used to estimate the pollutant concentration and ventilation



(respiration) rate associated with each exposure event. The estimated pollutant concentrations
account for the effects of ambient (outdoor) pollutant concentration, penetration factors, air
exchange rates, decay/deposition rates, and proximity to emission sources, depending on the
microenvironment, available data, and estimation method selected by the user. The ventilation
rate is derived from an energy expenditure rate estimated for the specified activity. Because the
modeled individuals represent a random sample of the population of interest, the distribution of
modeled individual exposures can be extrapolated to the larger population. The model
simulation includes five steps, each of which is described in the sections indicated below:

1. Characterize the study area. APEX selects census tracts within a study area — and thus
identifies the potentially exposed population — based on user-defined criteria and
availability of air quality and meteorological data for the area. (Section 2.3.1)

2. Generate simulated individuals. APEX stochastically generates a sample of
hypothetical individuals based on the census data for the study area and human profile
distribution data (such as age-specific employment probabilities). The user must specify
the size of the sample. The larger the sample, the more representative it is of the
population in the study area and the more stable the model results are (but also the longer
the computing time). (Section 2.3.2)

3. Construct a sequence of activity events. APEX constructs an exposure event sequence
(activity pattern) spanning the period of the simulation for each of the hypothetical
individuals (based on the supplied CHAD data, although other data could be used).
(Section 2.3.3)

4. Calculate hourly concentrations in microenvironments. APEX users must define
microenvironments that people in the study area would visit by assigning location codes
in the supplied CHAD database to the user-specified microenvironments. The model
then calculates hourly concentrations of a pollutant in each of these microenvironments
for the period of simulation, based on the user-provided microenvironment descriptions
and hourly ambient air quality data. All the hourly concentrations in the
microenvironments are re-calculated for each of simulated individuals. (Section 2.4)

5. Determine exposures. APEX assigns a concentration to each exposure event based on
the microenvironment occupied during the event and the person’s activity. These values
are averaged by clock hour to produce a sequence of hourly average exposures spanning
the specified exposure period (typically one year). These hourly values may be further
aggregated to produce daily, monthly, and annual average exposure values. (Section 2.5)

The model simulation continues until exposures are determined for entire modeling
period for the user-specified number of simulated individuals. Figure 2-1 presents these steps
within a schematic of the APEX model design. Subsections that follow provide addition detail
on the key algorithms used in Steps 1 through 5.



Figure 2-1. Overview of the APEX Model
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Figure 2-1. Overview of the APEX Model, continued
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Figure 2-1. Overview of the APEX Model, concluded
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2.3.1 Characterize the Study Area

The APEX study area has traditionally been on the scale of a city or slightly larger
metropolitan area, although it is now possible to model larger areas, depending primarily on
computing capabilities, available data, and the desired precision of the run.

In this analysis the study area is defined by a list of counties. The demographic data used
by the model to create personal profiles is provided at the tract level. For each tract the model
requires demographic information representing the distribution of age, gender, race, and work
status within the study population. Each tract has a location specified by latitude and longitude
for some representative point (e.g., geographic center). The current release of APEX includes
input files that already contain this demographic and location data for all census tracts in the 50
United States, based on the 2000 Census.

The ambient air quality data are assigned to geographic areas called districts. The
districts are used to assign pollutant concentrations to the tracts and microenvironments being
modeled. The ambient air quality data are provided by the user as hourly time series for each
district. As with tracts, each district has a representative location (latitude and longitude).
Districts can extend outside of the study area.

APEX calculates the distance from each tract to each district center, and assigns the tract
to the nearest district, provided the tract’s representative location point (e.g., geographic center)
is in the district. Each tract is assigned to only one district.

Ambient temperatures are input to APEX for different sites (locations). As with districts,
APEX calculates the distance from each tract to each temperature site and assigns each tract to
the nearest site.

2.3.2 Generate Simulated Individuals

APEX stochastically generates a user-specified number of simulated (hypothetical)
persons to represent the population in the study area. Each simulated person is represented by a
“personal profile.” APEX generates the simulated person or profile by probabilistically selecting
values for a set of profile variables (Table 2-1). The profile variables include:

« Demographic variables, which are generated based on the census data;

« Residential variables, which are generated based on sets of distribution data;

. Physiological variables, which are generated based on age- and gender-specific
distribution data; and

. Daily varying variables, which are generated based on distribution data that change daily
during the simulation period.

APEX first selects and calculates demographic, residential, and physiological variables (except
for daily values) for all the specified number of simulated individuals, and then follows each
individual over time and calculates exposures (and optionally doses) for each simulated person.
The following subsections describe these variables in more detail.
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Table 2-1. Profile Variables in APEX

Variable
Type Profile Variables Description

Demographic | Age Age (years)

variables Gender Male or Female
Race White, Black, Native American, Asian, and Other
Home tract Tract in which a simulated person lives
Work tract Tract in which a simulated person works
Employment status Indicates employment outside home

Residential Air conditioner Indicates presence of air conditioning at home

variables

In-vehicle Daily average car speed Daily average car speed

variables Car air conditioner Indicates presence of air conditioning in the vehicle

Physiological | Height Height of a simulated person (in)

variables Weight Body weight of a simulated person (1bs)

Resting metabolic rate

Resting metabolic activity rate (kcal/min)

Energy conversion factor

Oxygen uptake per unit of energy expanded (liters/kcal)

Maximum permitted
metabolic value

Maximum metabolic activity level that can be sustained for about
five minutes (dimensionless)

Demographic Variables

The values of the demographic variables for a simulated profile are selected

probabilistically according to their joint distribution in the input population files, which are
derived from the 2000 U.S. Census.

Residential Variables

The residential variables are categorical variables that are used to indicate whether a
residence or a car associated with a simulated person has the specified characteristic. These are
randomly selected based on user-specified probabilities. For example, a user could specify
probabilities of 0.3 for not having an air conditioner and 0.7 for having an air conditioner in their

home.

Physiological Profile Variables

The physiological variables are used for calculating ventilation rates. Input data to APEX

provide gender- and age-specific distributions for these variables.
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2.3.3 Construction of Activity Sequences

APEX probabilistically creates a composite diary for each of the simulated persons by
selecting a 24-hour diary record — or diary day — from an activity database for each day of the
simulation period. CHAD data have been supplied with APEX for this purpose. A composite
diary is a sequence of events that simulates the movement of a modeled person through
geographical locations and microenvironments during the simulation period. Each event is
defined by geographic location, start time, duration, microenvironment visited, and an activity
performed. The activity database input to APEX contains the following information for each
person for each day in each person’s diary: age, gender, race, employment status, occupation,
day of week, daily maximum hourly average temperature, the location, start time, duration, and
type of each activity during the day.

APEX develops a composite diary for each of the simulated individuals according to the
following steps:

1. Divide diary days in the CHAD database into user-defined activity pools, based on day
type and temperature.

2. Assign an activity pool number to each day of the simulation period, based on the user-
provided daily maximum/average temperature data.

3. Calculate a selection probability for each of the diary days in each of the activity pools,
based on age/gender/employment similarity of a simulated person to a diary day.

4. Probabilistically select a diary day from available diary days in the activity pool assigned
to each day of the simulation period.

5. Evaluate a metabolic value for each activity performed while in a CHAD location, based
on the activity-specific metabolic distribution data. This is used to calculate a ventilation
rate for the simulated person performing the activity.

6. Map the CHAD locations in the selected diary to the user-defined modeled
microenvironments.

7. Concatenate the selected diary days into a sequential longitudinal diary for a simulated
individual covering all days in the simulated period.

The method in APEX for creating longitudinal diaries that reflect the tendency of
individuals to repeat activities is based on reproducing realistic variation in a user-selected key
diary variable. APEX reads the values of the key variable from an external file. Currently, files
have been constructed for both outdoor time and vehicle time for all CHAD diaries by summing
the total time associated with “outdoor” and “vehicle” CHAD location codes for each diary. The
actual diary construction method targets two statistics, D and A. The D statistic reflects the
relative importance of within-person variance and between-person variance in the key variable.
The A statistic quantifies the lag-one (day-to-day) variable autocorrelation. Desired D and A
values for the key variable are selected by the user and set in the APEX parameters file, and the
method algorithm constructs a longitudinal diary that preserves these parameters. Longitudinal
diary data from a field study in children (Geyh et al., 2000), and subsequent analyses (Xue et al.,
2004) suggest that D and A are stable over time (and perhaps over cohorts as well). Based on
these studies, appropriate target values for the two statistics for outdoor time are estimated to be
D=0.22 and A=0.19. A value of 0.2 is used for both of these parameters in the ozone exposure
modeling, since precision beyond 0.1 is not warranted for these statistics. It turns out that the
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model results are insensitive to small changes in these values. The longitudinal diary
methodology is described further in Appendix C.

2.4 Algorithms for Calculating Microenvironmental Concentrations

Probabilistic algorithms are used to estimate the pollutant concentration associated with
each exposure event. The estimated pollutant concentrations account for the effects of ambient
(outdoor) pollutant concentration, penetration factor, air exchange rate, decay/deposition rate,
and proximity to emission sources, depending on the microenvironment, available data, and the
estimation method selected by the user.

APEX calculates air concentrations in the various microenvironments visited by the
simulated person by using the ambient air data for the relevant tracts and the user-specified
method and parameters that are specific to each microenvironment. APEX calculates hourly
concentrations in all the microenvironments at each hour of the simulation for each of the
simulated individuals, based on the hourly ambient air quality data specific to the geographic
locations visited by the individual. APEX provides two methods for calculating
microenvironmental concentrations: the mass balance method and the transfer factors method
(described in Sections 2.4.1 and 2.4.2, respectively). The user is required to specify a calculation
method for each of the microenvironments; there are no restrictions on the method specified for
each microenvironment (e.g., some microenvironments can use the transfer factors method while
the others use the mass balance method).

2.4.1 Mass Balance Model

The mass balance method models an enclosed microenvironment as a well-mixed volume
in which the air concentration is spatially uniform at any specific time. The concentration of an
air pollutant in such a microenvironment is estimated using the following four processes:

« Inflow of air into the microenvironment;

« Outflow of air from the microenvironment;

« Removal of a pollutant from the microenvironment due to deposition, filtration, and
chemical degradation; and

« Emissions from sources of a pollutant inside the microenvironment.

Table 2-2 lists the parameters required by the mass balance method to calculate concentrations in
a microenvironment. The proximity factor (foroximity) is used to account for differences in
ambient concentrations between the geographic location represented by the ambient air quality
data (e.g., a regional fixed-site monitor) and the geographic location of the microenvironment
(e.g., near a roadway). This factor could take a value either greater than or less than 1.

Emission source (ES) represents the emission rate for the emission source and concentration
source (CS) is the mean air concentration resulting from the source. Ryemoval is defined as the
removal rate of a pollutant from a microenvironment due to deposition, filtration, and chemical
reaction. The air exchange rate (Rair exchange) 18 expressed in air changes per hour. This analysis
of ozone exposures does not consider sources of ozone, and these terms are set to zero.
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Table 2-2. Mass Balance Model Parameters

Variable Definition Units Value Range
S proximity Proximity factor unitless S proximiry > 0
CS Concentration source ppm CS>0
ES Emission source ug/hr ES>0
R removal Removal rate due to 1/hr Ryemovai = 0

deposition, filtration, and
chemical reaction

R sir exchange Air exchange rate 1/hr Rir exchange = 0
V Volume of m> V>0
microenvironment

The mass balance equation for a pollutant in a microenvironment is described by:

dC ME (t)
dt
where:
dCME(t) =
ACI' =
A(jout =
A(jremoval =
ACsource =

= ACin - ACout - Acremoval + Acsource (2- 1)

Change in concentration in a microenvironment at time ¢ (ppm),

Rate of change in microenvironmental concentration due to influx
of air (ppm/hour),

Rate of change in microenvironmental concentration due to outflux
of air (ppm/hour),

Rate of change in microenvironmental concentration due to
removal processes (ppm/hour), and

Rate of change in microenvironmental concentration due to an
emission source inside the microenvironment (ppm/hour).

Within the time period of an hour each of the rates of change, AC;,,, AC,.1, AC,emovar, and
ACjpurcer, 18 assumed to be constant.
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The change in microenvironmental concentration due to influx of air is represented by the
following equation:

dCin(t)
ACwin = dt = ambient xfpr()ximity xfpenetration 'XRairexchange (2-2)
where:
Cambient = Ambient hourly outdoor concentration (ppm)
Joroximity = Proximity factor (unitless)
Jpenetration = Penetration factor (unitless)
Rair exchange = Air exchange rate (1/hour)

The change in microenvironmental concentration due to outflux of air is described by:

dCou(t
ACout = 7()=Rairexchange X C‘ME (t) (2_3)

The change in concentration due to deposition, filtration, and chemical degradation in a
microenvironment is simulated based on the first-order equation:

d Cremoval ( t)
Aij’fzm()\/cll = dt = (Rdeposition + Rﬁltration + Rchemical ) C'ME (O = Rremoval X CME (0 (2'4)
where:

Raeposition = Removal rate of a pollutant from a microenvironment due to
deposition (1/hour)

Riteration = Removal rate of a pollutant from a microenvironment due to
filtration (1/hour)

Rehemical = Removal rate of a pollutant from a microenvironment due to
chemical degradation (1/hour)

Riemoval = Removal rate of a pollutant from a microenvironment due to

overall removal (1/hour)

We are not modeling indoor emissions of ozone, so the optional term AC;py,c. Will be
uniformly equal to 0.0 for this study.

Equation 2-1 combined with Equations 2-2, 2-3, and 2-4 leads to:

dC e (1)

dt = Acin - Rair exchange C1ME (t) - Rremoval C'ME (t) (2-5)

Solving the differential equation in Equation 2-5 leads to:
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AC; ACin

CME (t) = (CME (O) - —) exp(_Rcombmed t) (2-6)
combined combined
where:

Cur(0) = Concentration of a pollutant in a microenvironment at the
beginning of a hour (ppm)

Cue(t) = Concentration of a pollutant in a microenvironment at time ¢ within
the time period of a hour (ppm)

Rcombined = Rair exchange + Rremoval (1/ hour)

Based on Equation 2-6, the following three hourly concentrations in a microenvironment
are calculated:

AC

C;?EW =Cp (t > 0)= = (2-7)
combined
hourly end equil equil
Cue " =Ch +(Cp(0)=Che" ) exp (—Repmpinea ) (2-8)
1
[ewar 1 r :
hourlymean equil equil —eXp(— combine,
CME g =2 1 :CA/?E + (CME (0) _CA/;IE bined (2-9)
Idt Rcombined
0
where:
Cont = Equilibrium concentration in a microenvironment (ppm)
Cur(0) = Concentration in a microenvironment at the beginning of an hour
(ppm)
Courtvend = Concentration in a microenvironment at the end of an hour (ppm)
C jourbmean = Hourly mean concentration in a microenvironment (ppm)

At each hour time step of the simulation period, APEX uses Equations 2-7, 2-8, and 2-9 to
calculate the hourly equilibrium, hourly ending, and hourly mean concentrations. APEX reports
hourly mean concentration as hourly concentration for a specific hour. The calculation continues

to the next hour by using C;%"**"* for the previous hour as Cy(0).

2.4.2 Factors Model

The factors method is simpler than the mass balance method. It does not calculate
concentration in a microenvironment from the concentration in the previous hour and it has
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fewer parameters. Table 2-3 lists the parameters required by the factors method to calculate
concentrations in a microenvironment without emissions sources.

Table 2-3. Factors Model Parameters

Variable Definition Units Value Range
S proximity Proximity factor unitless S proximiry > 0
S penetration Penetration factor unitless 0 <1 penctration < 1

The factors method uses the following equation to calculate hourly mean concentration in
a microenvironment from the user-provided hourly air quality data:

hourlymean __
CVME - Cambient X f proximity X penetration (2'10)
where:
C L‘;ﬁ”’y mean = Hourly concentration in a microenvironment (ppm)
Cambient = Hourly concentration in ambient environment (ppm)
Joroximity = Proximity factor (unitless)
Jpenetration = Penetration factor (unitless)

2.4.3 Commuting Outside of the Study Area

APEX allows for some flexibility in the treatment of persons in the modeled population
who commute to destinations outside the study area. By specifying “KeepLeavers = No” in the
simulation control parameters file (see Section 3.1), people who work inside the study area but
live outside of it are not modeled, nor are people who live in the study area but work outside of
it. By specifying “KeepLeavers = Yes,” these commuters are modeled. This triggers the use of
two additional parameters, called LeaverMult and LeaverAdd. While a commuter is at work, if
the workplace is outside the study area, then the ambient concentration is assumed to be related
to the average concentration over all air districts at the same point in time, and is calculated as:

Ambient Concentrat ion = LeaverMult x avg(t)+ LeaverAdd (2-11)
where:
Ambient Concentration = Calculated ambient air concentrations for locations outside
of the study area (ppm or ppm)
LeaverMult = Multiplicative factor for city-wide average concentration,
applied when working outside study area
avg(t) = Average ambient air concentration over all air districts in

study area, for time ¢ (ppm or ppm)
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LeaverAdd = Additive term applied when working outside study area

All microenvironmental concentrations for locations outside of the study area are determined
from this ambient concentration by the same function as applies inside the study area.

2.5  Algorithms for Calculating Dose

Probabilistic algorithms are used to estimate the ventilation (respiration) rate associated
with each exposure event. Ventilation (as discussed in Section 2.5.1 below) is a measure of
human respiration, which is activity and physiology dependent. It is used in APEX to simulate
human activities in order to estimate, more realistically, inhalation exposure and dose. The
ventilation rate is derived from an energy expenditure rate estimated for the specified activity.

25.1 Ventilation

Ventilation is a general term for the movement of air into and out of the lungs. Minute or
total ventilation is the amount of air moved in or out of the lungs per minute. Quantitatively, the
amount of air breathed in per minute (Vj) is slightly greater than the amount expired per minute
(Vg). Clinically, however, this difference is not important, and by convention minute ventilation
is always measured on an expired sample, V.

The oxygen ventilation rate Vo, (1 of O,/min) is related to the energy expenditure rate for
the given event activity and the given profile’s physiology in terms of oxygen ventilation per unit
energy expenditure, or:

V,,=EE x ECF (2-12)
where:
EE = Energy expenditure (kcal/min)
ECF = Energy conversion factor (1 of Oy/kcal).

ECF is based on the physiology of the individual being modeled. EE is related to the activity-
specific energy expenditure rate and the basal or resting energy expenditure (metabolic) rate of
the given profile, or:

EE=MET x RMR (2-13)
where:
MET =  Metabolic equivalent of work (the ratio of the rate of energy consumption
for non-rest activities to the resting rate of energy consumption) (dimensionless)
RMR = Resting metabolic rate (kcal/min).

RMR is based on the physiology of the individual being modeled. MET is the ratio of the
activity-specific energy expenditure rate to the basal or resting energy expenditure rate. While
different people have very different basal metabolic rates, it is generally found that the metabolic
ratios do not exhibit as much variability. Thus, standing still might require two times the basal
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energy expenditure, or two MET, for most people, with relatively little variation. Since the basal
rate is constant for each profile, it only has to be determined once and the activity-specific
metabolic ratio can be used to determine the absolute energy expenditure rate, EE, for each
activity.

Dividing equation 2-12 by body mass (BM) and using equation 2-13, one obtains:

Vo, ! BM =RMR x ECF x MET | BM (2-14)

Graham and McCurdy (2005) describe an approach to estimate Vg directly from VO,
using a series of regression-based equations. Using data compiled from 32 clinical exercise
studies collected over a 25-year period by Dr. William C. Adams of the University of California
at Davis, they developed an algorithm for four age groups and both genders. The algorithm
accounts for differences in ventilation rate due to activity level, variability within age groups,
and variation both between and within individuals. Their model is implemented in APEX as:

In(VE / BM), =b, +(b, *In(V,,,, / BM,))+ (b, *In(1 + age,)) + (b, * gender.)+eb, +ew, (2-15)

where:

the Vo/BM term is given in terms of the APEX variables by equation 2-14,
age is the age of the individual in years, and
gender is a flag with value -1 for males and +1 for females.

Random error (¢) is allocated to two variance components used to estimate the between-person
(inter-individual variability) residuals distribution (e,) and within-person (intra-individual
variability) residuals distribution (ey). The regression parameters by, b, by, bs, and ey, are
assumed to be constant over time for a given simulated person, whereas e,, varies from event to
event. These parameters are randomly drawn from normal distributions with means and standard
deviations given in Table 2-4. e, and e,, have mean zero.

Table 2-4. Ventilation Regression Parameters

Age | mean | stdev | mean | stdev | mean | stdev | mean | stdev | stdev | stdev
range bo bo bl bl bz b2 b3 b3 €p Ew

0-19 4.4329 | 0.0579 | 1.0864 | 0.0097 | -0.2829 | 0.0124 | 0.0513 [ 0.0045 | 0.0955 | 0.1117

20-33 3.5718 | 0.0792 | 1.1702 | 0.0067 | 0.1138 [ 0.0243 0.045 0.0031 | 0.1217 | 0.1296

34-60 3.1876 | 0.1271 | 1.1224 0.012 0.1762 | 0.0335 | 0.0415 | 0.0095 0.126 0.1152

>60 2.4487 | 03646 | 1.0437 [ 0.0195 | 0.2681 | 0.0834 | -0.0298 0.01 0.1064 | 0.0676
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2.5.2 Excess Post-Exercise Oxygen Consumption

At the beginning of exercise, there is a lag between work expended and oxygen
consumption. During this work/ventilation mismatch, an individual’s energy needs are met by
anaerobic processes. The magnitude of the mismatch between expenditure and consumption is
termed the oxygen deficit. During heavy exercise, further oxygen deficit (in addition to that
associated with the start of exercise) may be accumulated. At some point, oxygen deficit reaches
a maximum value, and performance and energy expenditure deteriorate. After exercise ceases,
ventilation and oxygen consumption will remain elevated above baseline levels. This increased
oxygen consumption was historically labeled the “oxygen debt” or “recovery oxygen
consumption.” However, recently the term “excess post-exercise oxygen consumption” (EPOC)
has been adopted for the phenomenon. APEX has an algorithm for adjusting the MET values to
account for EPOC. This algorithm is described in Appendix B.

2.5.3 Body Surface Area

The algorithm for calculating body surface area (BSA) in APEX was developed by
Burmaster (1998), and uses a univariate model for total skin area as a function of body weight.
Through regression analysis, Burmaster determined that weight alone does as well as weight and
height together in predicting total skin area, with the advantage of requiring only a single
explanatory variable. Total skin area was found to follow a lognormal distribution that is a
function of body weight according to:

BSA:e72.2781 BMO.682] (2_16)
where:
BSA = body surface area (m?)
BM = body mass (kg).

2.6 Exposure Calculations

APEX calculates exposure as a time series of exposure concentrations that a simulated
individual experiences during the simulation period. APEX determines the exposure using
hourly ambient air concentrations, calculated concentrations in each microenvironment based on
these ambient air concentrations, and the minutes spent in a sequence of microenvironments
visited according to the composite diary. The hourly exposure concentration at any clock hour
during the simulation period is determined using the following equation:

u hourl’
Ourynlean
D Curthe 1,
-1
C,=- (2-17)

T

where:
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G = Hourly exposure concentration at clock hour / of the simulation period

(ppm)

N = Number of events (i.e., microenvironments visited) in clock hour / of
the simulation period.

C Ah;g(j%;'"m" = Hourly mean concentration in microenvironment j (ppm)

1) = Time spent in microenvironment j (minutes)

T = 60 minutes

From the hourly exposures, APEX calculates time series of 8-hour and daily average exposure
concentrations that a simulated individual would experience during the simulation period.
APEX then statistically summarizes and tabulates the hourly, 8-hour, and daily exposures.

2.7 Model Output

All of the output files written by APEX are ASCII text files. Table 2-5 lists each of the
output data files written for these simulations and provides descriptions of their content.
Additional output files that can produced by APEX are given in Table 5-1 of the APEX User’s
Guide, and include hourly exposure, ventilation, and energy expenditures, and even detailed
event-level information, if desired. The names and locations, as well as the output table levels
(e.g., output percentiles, cut-points), for these output files are specified by the user in the
simulation control parameters file. Specific output generated for the purposes of this document
are discussed in Section 3.1.

Table 2-5. APEX Output Files

Output File Type Description

Log The Log file contains the record of the APEX model simulation as it progresses.
If the simulation completes successfully, the log file indicates the input files and
parameter settings used for the simulation and reports on a number of different
factors. If the simulation ends prematurely, the log file contains error messages
describing the critical errors that caused the simulation to end.

Profile Summary The Profile Summary file provides a summary of each individual modeled in the
simulation.

Microenvironment The Microenvironment Summary file provides a summary of the time and

Summary exposure by microenvironment for each individual modeled in the simulation.

Sites The Sites file lists the tracts, districts, and zones in the study area, and identifies
the mapping between them.

Output Tables The Output Tables file contains a series of tables summarizing the results of the

simulation. The percentiles and cut-off points used in these tables are defined in
the simulation control parameters file.
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3. PREPARATION OF MODEL INPUTS

The APEX model inputs require extensive analysis and preparation in order to ensure the
model run gives valid and relevant results. This chapter begins with a description of the selected
model options and discusses their significance. Following this introduction is a discussion of the
model input files and other critical parameters. The chapter goes on to describe the sources of
data for the APEX input files. File formats and physical file structures are not discussed in
detail, as this information is presented in the APEX User’s Guide (EPA, 2006c¢).

3.1 Model Options

Many of the important characteristics of a model run in APEX are set in the simulation
control parameters file. In this file the user specifies the input and output files and their
associated directories, as well as the basic parameters that characterize the run. The settings used
for the model runs are described here.

The number of simulated persons in each model run was set to 60,000, an amount that
tests indicated would be a large enough sample size to provide stable model results. The
parameters controlling the location and size of the simulated area were set to include all counties
in the study area CSA.

The settings that allow for replacement of CHAD data that are missing gender,
employment or age values were all set to preclude replacing missing data. The width of the age
window was set to 20 percent to increase the pool of diaries available for selection. The variable
that controls the use of additional ages outside the target age window was set to 0.1 to further
enhance variability in diary selection. See the APEX User’s Guide for an explanation of these
parameters.

The diary activity contributing the most to variability in exposure to ozone is the time
spent outdoors, and we have selected that as the key predictor of exposure for the assembly of
longitudinal diaries (see Appendix C). For school-age children, we take the diversity statistic D
to be 0.2 and the autocorrelation to be 0.2. These values were derived from the Southern
California Children's Study. We do not have data to base estimates of these parameters on for
younger children and for adults, and we use the school-age children values for all ages.

Levels of physical activity were categorized by the Physical Activity Index (PAI), which
is discussed in Appendix B. Children were characterized as active if their median daily PAI over
the period modeled is 1.75 or higher, a level characterized by exercise physiologists as being
“moderately active” or “active” (McCurdy, 2000).

3.2  Air Quality

APEX requires hourly ambient ozone concentrations at a set of sites in the study area.
These data were obtained from the EPA AIRS Air Quality Subsystem for the years 2002, 2003,
and 2004. These years were modeled since they are recent years that exhibit the year-to-year
variability that is characteristic of ozone formation. All of the sites in AIRS within the
boundaries of each CSA were used in this analysis. APEX uses the concentrations from the
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closest site to represent ambient concentrations at different locations in the study area. Table 3-1
lists the number of 0zone monitors in each of the modeled CSAs.

Table 3-1. The Numbers of Ozone Monitors in the Study Areas

Number of monitors

Urban area (CSA) 2002 2003 2004
Atlanta-Sandy Springs-Gainesville, GA-AL 13 12 12
Boston-Worcester-Manchester, MA-NH 17 19 15
Chicago-Naperville-Michigan City, IL-IN-WI 32 30 27
Cleveland-Akron-Elyria, OH 11 11 11
Detroit-Warren-Flint, MI 10 10 10
Houston-Baytown-Huntsville, TX 21 23 21
Los Angeles-Long Beach-Riverside, CA 45 43 44
New York-Newark-Bridgeport, NY-NJ-CT-PA 30 30 29
Philadelphia-Camden-Vineland, PA-NJ-DE-MD 18 17 16
Sacramento--Arden-Arcade--Truckee, CA-NV 21 22 22
St. Louis-St. Charles-Farmington, MO-IL 18 18 17
Washington-Baltimore-N. Virginia, DC-MD-VA-WV 28 28 26

3.2.1 Missing Data Replacement

Missing air quality data were estimated by the following procedure. Where there were
consecutive strings of missing values (data gaps of less than 6 hours, missing values were
estimated by linear interpolation between the valid values at the ends of the gap. Remaining
missing values at a monitor were estimated by fitting linear regression models for each hour of
the day, with each of the other monitors, and choosing the model which maximizes R? for each
hour of the day, subject to the constraints that R? be greater than 0.5 and the number of
regression data values is at least 50. If there were any remaining missing values at this point, for
gaps of less than 9 hours, missing values were estimated by linear interpolation between the valid
values at the ends of the gap. Any remaining missing values were replaced with the regionwide
mean for that hour.

3.3  Air Quality Projections for Alternative Standards Scenarios

In addition to modeling exposures based on historical air quality, an analysis was
conducted using air quality representative of just meeting the current 8-hour O; NAAQS of 0.08
ppm, as well as seven alternative standards. This was done using a quadratic rollback approach
to adjust the hourly O3 concentrations observed in 2002-2004 to yield a design value
corresponding to the standard being modeled. Design values for the current 8-hour O3 NAAQS
are calculated as the 3-year averages of the annual 4 daily maximum 8-hr average concentration
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based on the maximum monitor within an urban area. The quadratic rollback technique
combines both linear and quadratic elements to reduce higher concentrations more than lower
concentrations near ambient background levels. Table 3-2 shows the alternative standards, their
corresponding attainment thresholds and the form of the standard used for each scenario.
Additional details about rollback and the alternative standard scenarios can be found in the
Ozone Staff Paper.

Table 3-2. List of the Current and Alternative 8-hour Ozone Standard Scenarios used in
the Exposure Analysis

Attainment Threshold Form of Standard Labels for
graphs

3" highest form 85/3
0.084 ppm 4" highest form 85/4
0.080 ppm 4™ highest form 81/4

3" highest form 75/3
0.074 ppm 4™_highest form 75/4

5"_highest form 75/5
0.070 ppm 4™_highest form 71/4
0.064 ppm 4™ highest form 65/4

3.4  Meteorological Data

Hourly temperature data are from the National Climatic Data Center Surface Airways
Hourly TD-3280 dataset (NCDC Surface Weather Observations). Daily average and 1-hour
maxima are computed from these hourly data.

There are two files that are used to provide meteorological data to APEX. One file, the
meteorological station location file, contains the locations of meteorological data recordings,
expressed in latitude and longitude coordinates. This file also contains start and end dates for the
data recording periods. The temperature data file contains the data from the locations in the
temperature zone location file. This file contains daily maximum and daily average temperature
readings for the period being modeled for the meteorological stations in and around the study
area. Table 3-3 lists the meteorological stations used for each modeled area.
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Table 3-3 The Meteorological Stations for Each Study Area

Urban area (CSA) NWS station ID
(WBAN)
Atlanta-Sandy Springs-Gainesville, GA-AL 03813, 13873, 13874, 13882, 93842
Boston-Worcester-Manchester, MA-NH 14739, 14745, 14765, 94746
Chicago-Naperville-Michigan City, IL-IN-WI 14839, 14848, 94822, 94846
Cleveland-Akron-Elyria, OH 14820, 14852,
14860, 14891, 14895
Detroit-Warren-Flint, MI 14822, 14826, 14836, 94830, 94847
Houston-Baytown-Huntsville, TX 12912, 12917, 12960, 93987
Los Angeles-Long Beach-Riverside, CA 23129, 23155, 23161, 23174, 23188,
23190
New York-Newark-Bridgeport, NY-NJ-CT-PA 04725, 04781, 13739, 14732, 14734,

14737, 14740, 14765, 14777, 93730,
94702, 94728, 94789

Philadelphia-Camden-Vineland, PA-NJ-DE-MD 13739, 13781, 14737, 93730
Sacramento--Arden-Arcade--Truckee, CA-NV 23185, 23232, 23237
St. Louis-St. Charles-Farmington, MO-IL 13994, 93822

Washington-Baltimore-N. Virginia, DC-MD-VA-WV 13740, 13743, 13781, 14711, 93721,
93738, 93739

3.5  Population Demographics

APEX takes population characteristics into account to develop accurate representations of
study area demographics. Specifically, population counts by area and employment probability
estimates are used to develop representative profiles of hypothetical individuals for the
simulation.

APEX is very flexible in the resolution of population data provided. As long as the data
are available, any resolution can be used (e.g., county, census tract, census block). For this
application of the model, we used census tract level data.

Tract-level population counts come from the 2000 Census of Population and Housing
Summary File 1. Summary File 1 (SF 1) contains the 100-percent data, which is the information
compiled from the questions asked of all people and about every housing unit. The first level of
official Census race categories and their abbreviations are:

e  White (W)
e Black or African American (B)

25



American Indian or Alaska native (N)

Asian (A)

Native Hawaiian or other Pacific Islander (OH)
Other single race (OO)

Two or more races combined (02)

The categories OH, OO, and O2 were combined into a single “Other” class (“O”) for modeling
purposes. Hispanics are not separated, as the Census Bureau did not consider Hispanic to be a
race.

In the 2000 U.S. Census, estimates of employment were developed by census tract.
Employment data from the 2000 census can be found on the U.S. census web site at the address
http://www.census.gov/population/www/cen2000/phc-t28.html (Employment Status: 2000-
Supplemental Tables). The file input to APEX is broken down by gender and age group, so that
each gender/age group combination is given an employment probability fraction (ranging from 0
to 1) within each census tract. The age groupings in this file are: 16-19, 20-21, 22-24, 25-29, 30-
34, 35-44, 45-54, 55-59, 60-61, 62-64, 65-69, 70-74, and >75. Children under 16 years of age
are assumed to be not employed.

3.6 Asthma Prevalence Rates

One of the important population subgroups for the exposure assessment is asthmatic
children. Evaluation of the exposure of this group with APEX requires the estimation of
children’s asthma prevalence rates, detailed in Appendix G. The estimates are based on
children’s asthma prevalence data from the National Health Interview Survey (NHIS) for 2003.
Asthma prevalence rates for children aged 0 to 17 years were calculated for each age, gender,
and region. The regions defined by NHIS are the Census Regions: “Midwest,” “Northeast,”
“South,” and “West.” The reported survey responses were weighted to take into account the
complex survey design of the NHIS survey. Standard errors and confidence intervals for the
prevalence rates were calculated using a logistic model, taking into account the survey design.
Logistic analysis of the prevalence relationships to age showed statistically significant
differences between the prevalence functions for the two genders and for the four regions.
Therefore the relationships of prevalence to age were estimated separately for each gender and
region. A scatterplot smoothing technique using the LOESS smoother was applied to smooth the
prevalence curves and compute the standard errors and confidence intervals for the smoothed
prevalence estimates.

3.7  Commuting Database

As part of the population demographics inputs, it is important to integrate working
patterns into the assessment. In addition to using estimates of employment by tract, APEX also
incorporates home-to-work commuting data.

Commuting data were originally derived from the 2000 Census and were collected as part
of the Census Transportation Planning Package (CTPP). These data are available from the U.S.
DOT Bureau of Transportation Statistics (BTS) at the web site http://transtats.bts.gov/. The data
used to generate APEX inputs were taken from the “Part 3-The Journey To Work” files. These
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files contain counts of individuals commuting from home to work locations at a number of
geographic scales.

These data were processed to calculate fractions for each tract-to-tract flow to create the
national commuting data distributed with APEX. This database contains commuting data for
each of the 50 states and Washington, D.C.

Commuting within the Home Tract

The APEX data set does not differentiate people that work at home from those that
commute within their home tract.

Commuting Distance Cutoff

A preliminary data analysis of the home-work counts showed that a graph of log(flows)
versus log(distance) had a near-constant slope out to a distance of around 120 kilometers.
Beyond that distance, the relationship also had a fairly constant slope but it was flatter, meaning
that flows were not as sensitive to distance. A simple interpretation of this result is that up to
120 km, the majority of the flow was due to persons traveling back and forth daily, and the
numbers of such persons decrease fairly rapidly with increasing distance. Beyond 120 km, the
majority of the flow is made up of persons who stay at the workplace for extended times, in
which case the separation distance is not as crucial in determining the flow.

To apply the home-work data to commuting patterns in APEX, a simple rule was chosen.
It was assumed that all persons in home-work flows up to 120 km are daily commuters, and no
persons in more widely separated flows commute daily. This meant that the list of destinations
for each home tract was restricted to only those work tracts that are within 120 km of the home
tract. When the same cutoff was performed on the 1990 census data, it resulted in 4.75% of the
home-work pairs in the nationwide database being eliminated, representing 1.3% of the workers.
The assumption is that this 1.3% of workers do not commute from home to work on a daily
basis. It is expected that the cutoff reduced the 2000 data by similar amounts.

Eliminated Records

A number of tract-to-tract pairs were eliminated from the database for various reasons. A
fair number of tract-to-tract pairs represented workers who either worked outside of the U.S.
(9,631 tract pairs with 107,595 workers) or worked in an unknown location (120,830 tract pairs
with 8,940,163 workers). An additional 515 workers in the commuting database whose data
were missing from the original files, possibly due to privacy concerns or errors, were also
deleted.

3.8  Activity Patterns - CHAD

Exposure models use human activity pattern data to predict and estimate exposure to
pollutants. Different human activities, such as outdoor exercise, indoor reading, or driving, have
different pollutant exposure characteristics. In addition, different human activities require
different metabolic rates, and higher rates lead to higher doses. To accurately model individuals
and their exposure to pollutants, it is critical to have a firm understanding of their daily activities.
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The Consolidated Human Activity Database (CHAD) provides data on human activities
through a database system of collected human diaries, or daily activity logs. The purpose of
CHAD is to provide a basis for conducting multi-route, multi-media exposure assessments
(McCurdy et al., 2000).

The data contained within CHAD come from multiple surveys with varied structures
(Table 3-3). In general, the surveys have a data foundation based on daily diaries of human
activity. This is the foundation from which CHAD was created. Individuals filled out diaries of
their daily activities and this information was input and stored in CHAD. Relevant data for these
individuals, such as age, are included as well. In addition, CHAD contains activity-specific
metabolic distributions developed from literature-derived data, which are used to provide an
estimate of metabolic rates of respondents through their various activities.

There are four CHAD-related input files used in the APEX system. Two of these files are
downloaded directly from the “Query Questionnaire” link on the CHADNet
(http://www.epa.gov/chadnetl) page, and then manipulated to fit into the APEX framework.
These are the human activity diaries file and the personal data file.

The third input file contains metabolic information for different activities listed in the diary file.
These metabolic activity levels are in the form of distributions. Some activities are specified as a
single point value (for instance, sleep), while others, such as athletic endeavors or manual labor,
are normally, lognormally, or otherwise statistically distributed. APEX samples from these
distributions and calculates values to simulate the variable nature of activity levels among
different people.
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Table 3-3. Summary of Studies Used in CHAD
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Baltimore A single 01/1997-02/1997, 72-93 | 26 391 Diary Williams et al, 2000
building in 07/1998-08/1998
Baltimore
California California 10/1987-09/1988 12-17 183 183 Recall; Random Robinson et al. (1989),
Adolescents and ) Wiley et al. (1991a)
Adults (CARB) 18-94 1,579 1,579
California California 04/1989- 02/1990 0-11 1,200 1,200 Recall; Random Wiley et al. (1991b)
Children
(CARB)
Cincinnati Cincinnati 03/1985-04/1985, 08/1985 | 0-86 888 2,614 Diary; Random Johnson (1989)
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School Children

29




Los Angeles: L